Abstract -Microwave multiple radio relay stations are often built on mountains, and the stations are susceptible to damage from lightning. Therefore, it is important to take adequate lightning protection measures to ensure that communication devices are not damaged by any lightning surge current that penetrates from a lightning rod fitted on such stations. In most cases, the penetration route of the lightning surge current is uncertain, and it is difficult to specifically evaluate the effectiveness of measures against lightning. We calculated the branch aspect of lightning surge current in actual microwave relay stations using the finite difference time domain (FDTD) method, which is one way to numerically analyze electromagnetic fields, to directly solve Maxwell's equations. By comparing the calculated results with measured results obtained by injecting a pulse current into a microwave relay station, we verified that the current peak value of the calculated results corresponded with the measured results well, both when a steel tower was located on the ground and when it was located on the roof of a microwave relay station. We confirmed that the FDTD method can be used to understand the branch current of lightning surges and to study lightning protection measures at microwave relay stations.
Introduction
Electric power companies in Japan have been building their own communication network to ensure a stable supply of electricity. A system protection circuit installed in such network needs to instantly cut off any faulty section, and so the network mainly uses a microwave multiple radio system. Microwave multiple radio relay stations are built on mountains and are occasionally damaged by lightning. When this occurs, the network reliability decreases and maintenance is needed, so it is important to implement adequate lightning protection measures to avoid such damage [1] .
To take effective measures, communication devices must be prevented from being damaged by any lightning surge current that penetrates from a lightning rod. Also, when they are damaged by lightning, it is often the case that lightning protection measures have been implemented partially based on the failure details of the communication device and the location of the building and communication equipment frame. However, in most cases, the penetration route of lightning surge current is uncertain, and it is difficult to specifically evaluate the effectiveness of countermeasures against lightning.
In order to efficiently study lightning protection measures, it is necessary to predict the penetration route of lightning surge current by simulation methods. This simulation should appropriately model the threedimensional structure of a microwave relay station. Recently, a method for directly solving Maxwell's equations has often been used for calculations in which it is difficult to apply the conventional methods based on circuit theory, such as surge analysis of three-dimensional structures. Among them, the finite difference time domain (FDTD) method [2] can easily deal with conductors and dielectrics, and is applied to surge analysis in many fields such as voltage calculation across arcing horns of transmission line towers [3, 4] , transient response analysis of a ground electrode [5] , and calculation of induced voltages on a control line by current flowing through a grounding grid [6] . This report shows the results of studying the branch aspect of a lightning surge current in an actual microwave relay station and the applicability of the FDTD method for studying lightning protection measures.
The microwave relay stations used in the study were classified into a ground-type steel tower and a roof-type steel tower depending on the location of the buildings and steel towers. This report shows the results of microwave relay stations with a roof-type steel tower.
Applicability of FDTD Method
In this paper, the branch current values of a microwave relay station were measured when an impulse current was injected into it, and the measured results were compared with the calculated results by the FDTD method to evaluate the applicability of the FDTD method. Fig. 1 shows the experimental arrangement. To reduce any mutual induction between a current injection wire and a wireless steel tower, an impulse generator is placed about 100 m away from a microwave relay station and the current injection wire is placed over 45° away from the steel tower.
Experimental arrangement
The steel tower was placed on the roof of a station building (12 m × 12 m × 5 m) and it was 48 m above the ground. A grounding grid and a deeply buried grounding electrode were located in the ground, and two legs of the steel tower are connected to the grounding grid using down conductors. The deeply buried grounding electrode connected to one of the down conductors, and was buried 81 m below the surface.
No current flows into a waveguide when the impulse current was injected, so it was considered that the waveguide was not electrically connected to the steel tower. The duration of the wave front was 23 μs, the duration of wave tail was 95 μs, and the current peak value was 69 A. [7] .
Calculation Arrangement
The steel tower, the waveguide, the down conductors, the grounding grid, and the other grounding conductors were simulated with thin wires based on the size in a working drawing, and the radii were simulated using the thin-wire representation techniques [8] [9] .
The walls of the station building were simulated by plate conductors. The deeply buried electrode was simulated with a rectangular conductor and its grounding resistance is similar to the measured values.
The waveform injected into the steel tower is the same with the measured one shown in Fig. 2 . Fig. 4 shows the calculation model on a program display. We performed calculations using an FDTD-based Surge Simulation software called Virtual Surge Test Lab. (VSTL), developed by the Central Research Institute of the Electric Power Industry in Japan. The VSTL includes a GUI (Graphical User Interface) function for data input. The GUI is very useful for making data for input for the complex structure such as the microwave relay station in the threedimensional arrangement.
The results of the measurement showed that the current flowed in from the building's walls because the supports of the cable racks were in contact with the rebar of the building. The supports of the cable racks in the building are modeled by connecting the wall and the grounding bar with a single conductor, because the connection status of the supports and the rebar cannot be confirmed and there is a limit to the segmentation of cells in terms of computer resources (such as amount of memory) and computation time when making calculations including the entire microwave relay station. Table 1 shows the results of comparing the calculated and measured values. The percentages in the table show the ratio of the peak value of the current to that of the injected current. The measured results show that 95.7% of the current is distributed to the tower legs and down conductors, and 6.5% is distributed to the waveguide. The total is 102.2% and this exceeds 100% because we added the current peak values, and there is a time-lag when actually reaching peak values. We found that 14.5% was flowing out from the ground bus located in the building and 8.0% was flowing in from the wall by deducting 6.5% flowing in from the waveguide.
The calculated values show a similar pattern. The maximum difference between the calculated and measured values is about 9% at the tower leg 3. The difference between the calculated and measured values in the inflowing current from the waveguide is 0.9%, which means that they correspond well. The difference between the calculated and measured values for the ground bus is about 4%. This difference arises because we simply modeled the complicated supports of the cable racks with a single conductor. We can sufficiently understand the pattern of branch current necessary for evaluating countermeasures against lightning surges.
Verification of Lightning Countermeasures
At the microwave relay station with the roof-type steel tower, 19% of the injected current flows inside the building. This current should be minimized to prevent devices from being damaged by lightning, and so we study measures to prevent the current from flowing inside the building.
Influence of Grounding Points of the Waveguide
As a measure to reduce the amount of the current penetrating inside the building from the waveguide, we reviewed the location at which the grounding wire connects with the waveguide placed outside. Fig. 7 shows the present connection status of the grounding of the waveguide and alternative connection points, labeled as [A], [B] and [C] . Also, Table 2 shows the percentage of the current flowing through the waveguide grounding wire.
At [A] and [C], the current flowing in from the wall flows out to the grounding grid through the waveguide grounding wire. In particular, the grounding location of [C] also connects to the deeply buried electrode, so more current flows out. At [B] , the current flows inside the station building from a cable ladder, and the current level is similar to that seen at [C] . As a result of this study, we confirmed that the present location of In any case, the difference between the calculated and measured values is below 1%, meaning that they corre spond well. We also confirmed that the simulation model using the FDTD method can be effectively used to develop measures against lightning damage. 
Development of Lightning Countermeasures
From the consistency with the measured values, we confirmed that the FDTD method can be effectively used to develop countermeasures, and we evaluated those countermeasures. Also, in this section, we evaluated a lightning wave profile in accordance with the specifications.
Assuming that lightning directly strikes the microwave relay station, we determined a lightning wave profile in accordance with IEC6205-4:2006 [10] . The duration of the wave front is 10 μs, the duration of the wave tail is 350 μs, and the current peak value is 200 kA (protection level I) (Fig. 8) . We studied two lightning protection measures. In case 1, two down conductors were added so that all tower legs have the lightning conductors which are connected with the grounding grid; in case 2, the grounding grid and ground bus are disconnected to isolate them. Fig. 9 and Fig. 10 show the layouts used in case 1 and 2.
Case 1 is the measure to reduce the current inside the building by increasing the current route from the tower legs to the grounding grid. However, the grounding resistance of the basement is higher than that of the ground grid might be the cause of increasing the current flowing in the building. So in case 2, the ground bus is disconnected from the grounding grid so that the inside of the station building and the building can be equipotential, and to control the current flowing into the waveguide, the grounding point of the waveguide grounding wire placed outside is changed from the grounding grid to the tower leg.
The waveguide is disconnected from the steel tower, and there is a possibility of discharge between the steel tower and the waveguide due to the high voltage produced in a lightning strike. Therefore, we also studied the case where the waveguide and steel tower connected. To evaluate the influence of the connection between the steel tower and the waveguide, we examined the changes of the inflow and outflow amount before and after any countermeasures had been taken. Table 3 shows the results of this examination when the waveguide is disconnected from the steel tower, and Table 4 shows the results when the waveguide is connected to the steel tower.
Both layouts are effective for preventing any current from flowing inside the station building. In particular, it would be appeared that using the layout in case 2, in which the building is disconnected from the grounding grid, is effective. 
Conclusion
The current peak values of the measured and calculated values corresponded well. We confirmed that the FDTD method can be effectively used to develop lightning countermeasures.
We will further study methods that can adjust the calculation model with simpler measuring methods.
